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co-operative  research  and  information  exchange.  The  objective  is  to  support  the  development  and  effective  use  of 
national  defence  research  and  technology  and  to  meet  the  military  needs  of  the  Alliance,  to  maintain  a  technological 
lead,  and  to  provide  advice  to  NATO  and  national  decision  makers.  The  RTO  performs  its  mission  with  the  support  of  an 
extensive  network  of  national  experts.  It  also  ensures  effective  co-ordination  with  other  NATO  bodies  involved  in  R&T 
activities. 


RTO  reports  both  to  the  Military  Committee  of  NATO  and  to  the  Conference  of  National  Armament  Directors.  It 
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contacts  with  the  military  users  and  other  NATO  activities,  a  small  part  of  the  RTA  staff  is  located  in  NATO 
Headquarters  in  Brussels.  The  Brussels  staff  also  co-ordinates  RTO’s  co-operation  with  nations  in  Middle  and  Eastern 
Europe,  to  which  RTO  attaches  particular  importance  especially  as  working  together  in  the  field  of  research  is  one  of  the 
more  promising  areas  of  co-operation. 
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Executive  Summary 

Rarefied  gas  effects  are  encountered  in  a  variety  of  flow  applications  ranging  from  hypersonic  flights  at  high 
altitude,  ballute  entry  and  descent  during  planetary  missions,  station-keeping  and  orbit  transfer  of  satellites, 
to  micro-scale  gas  flows,  such  as  in  Micro-Electro-Mechanical  Systems  (MEMS).  The  conventional  fluid 
dynamics  Navier-Stokes  equations,  based  on  a  continuum  assumption,  fail  to  accurately  describe  rarefied  gas 
effects.  They  can  be  investigated  at  microscopic  level  by  means  of  stochastic  methods,  such  as  Direct 
Simulation  Monte  Carlo  (DSMC),  as  well  as  by  means  of  deterministic  solvers  for  the  Boltzmann  equation. 
Macroscopic  transport  equations  can  also  be  developed  based  on  moments  of  the  Boltzmann  equation  for  the 
transition  between  the  rarefied  and  continuum  regimes. 

The  objective  of  this  RTO/VKI  Lecture  Series  is  to  review  the  up-to-date  physico-chemical  models, 
experimental  facilities,  and  numerical  simulation  strategies  that  describe  rarefied  gas  effects  in  flows  in  the 
transition  and  rarefied  regimes,  including  relevant  aerospace  applications.  The  series  is  tailored  to  provide 
professionals  and  students  working  and/or  supporting  industries,  space  agencies,  and  defense  programs  a 
snap  shot  of  the  state-of-the-art  in  this  field  of  research.  Prominent  professors  and  scientists  from  seven 
countries  representing  sixteen  institutions  for  a  total  of  twenty  lectures  were  invited  to  give  classes  on  their 
field  of  expertise.  A  total  of  thirty  students  and  professionals  attended  the  course. 

The  five-day  course  covered  lectures  spanning  fundamental  theory  and  numerical  methods  to  experiments 
and  applications.  After  a  thorough  review  of  rarefied  gas  effects  in  hypersonics,  the  limits  of  validity  of  the 
hydrodynamic  regime  were  given.  Then,  the  lectures  focused  on  the  physico-chemical  models  and 
computational  methods  for  kinetic  equations.  A  presentation  of  the  DSMC  method  was  followed  by  more 
specialized  topics  such  as  hybrid  particle-continuum  numerical  methods,  programming  on  GPU, 
and  deterministic  Boltzmann  solvers.  The  second  part  of  the  series  dealt  with  continuum  models  based  on 
high  order  moments  of  the  Boltzmann  equation.  The  regularized  Grad  closure  model  and  their  numerical 
solution  method  was  presented  with  applications  to  microfluidic  device  flows.  The  fourth  day  was  devoted  to 
experimental  data  and  facilities  for  both  aerothermodynamics  and  electric  propulsion.  Finally,  simulations  in 
the  field  of  electric  propulsion,  semi-conductors,  and  hypersonics  concluded  this  series. 
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Synthese 

Les  effets  des  gaz  rarefies  se  rencontrent  dans  un  ensemble  d’applications  variees  qui  vont  des  vols 
hypersoniques  a  haute  altitude,  de  l’entree  et  de  la  descente  de  ballutes  lors  des  missions  planetaires, 
du  maintien  a  poste  des  stations  orbitales  et  des  transferts  d’orbites  de  satellites,  aux  flux  de  gaz 
microscopiques,  tels  que  les  microsystemes  electromecaniques  (MEMS).  Les  equations  conventionnelles 
Navier-Stokes  de  dynamique  des  fluides,  basees  sur  un  continuum  suppose,  n’arrivent  pas  a  decrire 
precisement  les  effets  des  gaz  rarefies.  Ces  effets  peuvent  etre  examines  au  niveau  microscopique  par  des 
methodes  stochastiques,  comme  la  Simulation  Directe  Monte  Carlo  (DSMC),  ainsi  que  par  les  resolveurs 
deterministes  de  l’equation  de  Boltzmann.  Des  equations  de  transport  macroscopiques  peuvent  aussi  etre 
developpees  sur  la  base  de  moments  de  1’ equation  de  Boltzmann,  pour  une  transition  entre  les  regimes 
rarefies  et  de  continuum. 

L’objectif  de  cette  serie  de  conferences  RTO/VKI  est  de  passer  en  revue  les  modeles  physico-chimiques 
actualises,  les  installations  experimentales  et  les  strategies  de  simulation  numerique  qui  decrivent  les  effets 
des  gaz  rarefies  dans  les  flux  des  regimes  de  transition  et  de  rarefaction,  et  incluant  les  applications 
aerospatiales  correspondantes.  Cette  serie  de  conferences  est  congue  de  fagon  a  foumir  aux  professionnels 
et  aux  etudiants  des  industries  et/ou  du  support  industriel,  des  agences  spatiales  et  des  programmes  de 
defense,  un  apergu  de  l’etat  de  l’art  dans  le  domaine  de  la  recherche.  Pour  un  total  de  vingt  conferences, 
des  professeurs  et  des  scientifiques  eminents  de  sept  pays  representant  seize  institutions  ont  ete  invites  a 
donner  des  cours  dans  leurs  domaines  d’expertise.  Au  total,  trente  etudiants  et  professionnels  ont  assiste  a 
cette  session. 

La  session  de  cinq  jours  comprenait  des  conferences  couvrant  la  theorie  fondamentale,  et  les  methodes 
numeriques  destinees  aux  experimentations  et  a  leurs  applications.  Apres  une  revue  approfondie  des  effets 
des  gaz  rarefies  en  hypersonique,  on  a  determine  les  limites  de  validite  du  regime  hydrodynamique. 
Puis,  les  conferences  se  sont  concentrees  sur  les  modeles  physico-chimiques  et  sur  les  methodes  de  calcul 
des  equations  cinetiques.  Une  presentation  de  la  methode  DSMC  a  ete  suivie  par  des  sujets  plus  specialises 
tels  que  les  methodes  numeriques  de  continuum-particules  hybrides,  la  programmation  en  GPU  et  les 
resolveurs  Boltzmann  deterministes.  La  seconde  partie  de  la  serie  de  conferences  a  traite  des  modeles  de 
continuum  bases  sur  les  moments  du  premier  ordre  de  V equation  de  Boltzmann.  Le  modele  regularise  de 
fermeture  de  Grad  et  sa  methode  de  resolution  numerique  ont  ete  presentes  avec  des  applications  sur  les 
ecoulements  de  dispositifs  micro-fluidiques.  Le  quatrieme  jour  a  ete  dedie  aux  donnees  et  installations 
experimentales  concemant  a  la  fois  l’aerothermodynamique  et  la  propulsion  electrique.  Enfin, 
des  simulations  dans  le  domaine  de  la  propulsion  electrique,  des  semi-conducteurs  et  de  l’hypersonique 
ont  conclu  cette  serie  de  conferences. 
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